In this study, a three-bore polyethersulfone (PES) hollow fiber ultrafiltration (UF) membrane with antibacterial properties was prepared by phase inversion, using PES as the membrane material, N,N-dimethylacetamide (DMAC) as solvent, polyvinylpyrrolidone (PVP) and CuCl 2 as additives. The effect of CuCl 2 content on the water flux and rejection was studied and the antibacterial properties of PES hollow fiber UF membrane were also investigated. The water flux results indicated that the hydrophilic properties of PES UF membranes were improved after adding CuCl 2 . The rejection of PVA-50000 was expected to drop slightly but remain high above 96%. The membranes showed good antibacterial activity against Escherichia coli (E. coli) after adding CuCl 2 and the antibacterial rate of PES/CuCl 2 UF membranes was close to 100% after running for 48 h. PES hollow fiber UF membranes with antibacterial properties were prepared through the formation of the water-soluble PVP/Cu 2þ complex with spatial network structure, which have good antibacterial and hydrophilic properties.
INTRODUCTION
In the water treatment process, the micro-organisms in the water will lead to membrane bio-fouling which limits the application of membrane techniques (Baker & Dudley ) . Therefore, the development of anti-biofouling membrane is of great significance. Polysulfone (PS) or polyethersulfone (PES) ultrafiltration (UF) membranes have a wide application in industrial areas. There have been many reported cases of hydrophilic modification of PS or PES UF membrane using TiO 2 particles (Luo et al. ; Yang & Wang ; Wu et al. ) , which cannot possess the anti-biofouling properties. One of the current trends in preventingmembranebiofoulingistoimprovetheantibacterial property of membranes by chemical modification and physical blending. Yao et al. () prepared novel antibacterial polyurethane (PU) fibrous membranes by electro-spinning the polymer followed by plasma pretreatment, UV-induced graft copolymerization and quaternization reaction. The antibacterial activities of the modified PU fibrous membranes were assessed against Staphylococcus aureus and Escherichia coli. Taurozzi et al. () prepared the PSsilver nanocomposite membranes via the wet phase inversion process by physically blending PS casting solution with silver. It was observed that the PS-silver nanocomposite membrane effectively prevented biofouling. Compared with chemical modification, the physical blending with antibacterial agent was a convenient and effective method for practical utilization.
Recently, metal ions as antibacterial agent have been widely used or studied in the UF process. Copper is one of the most promising metal ions for antibacterial applications due to its excellent antimicrobial properties and low cost. Therefore, copper was employed as the antibacterial agent in our study. The literature reported that the theory of antibacterial mode of copper ions may interact with the cell wall membrane, leading to the breakage of the cell wall and solidifing the protein structure (Dan et al. ; Liu et al. ) .
To our knowledge, PES, which is more suitable for liquid state separations, has not yet been used to prepare three-bore PES hollow fiber UF membrane with antibacterial properties. Based on these considerations and the body of previous research, the objective of this work is to synthesize a three-bore PES hollow fiber UF membrane blending with CuCl 2 and then to determine their antibacterial activity. To characterize the blend membranes, water flux and rejection tests, scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS) were employed. Then, the antibacterial duration of these membranes were investigated from examining the antibacterial rate by the viable cell counting technique. Membrane preparation PES (16 wt. %), PVP (8 wt. %), CuCl 2 of various concentrations (0, 1, 2, 3, 4 and 5 wt. %), and surfactant were dissolved in DMAC to prepare the casting solution. Then, the casting solution was filtered with a cloth filter, deaerated under vacuum conditions. Finally, three-bore PES hollow fiber UF membranes were spun at room temperature employing the dry/wet-spinning method, described elsewhere (Xu & Xu ) . Here, all ratios of casting solution rates and bore fluid rates were constant in all spinning processes. The difference is the spinneret. A novel spinneret with three bores was designed by our group and the schematic representation of the structure is shown in Figure 1 . The photograph of PES/CuCl 2 hollow fiber UF membranes is shown in Figure 2 (a) and the complex principle between PVP and CuCl 2 is shown in Figure 2 (b). The pore size of the three-bore hollow fiber membranes prepared in this study is about 6-7 nm and the inner diameter of the bores is 850 μm.
EXPERIMENTAL SECTION

Characterization
A cross-flow filtration device was used to measure the water flux and rejection. The concentration of PVA-50000 was obtained by UV spectrophotometer. The morphology of the membranes was observed using a SEM (SEM, JSM-6700F). The element component of the membrane surface was analyzed by XPS (XPS, ESCALAB 250) and energy dispersion spectroscopy (EDS).
Test of antibacterial properties
The antibacterial duration of these membranes was investigated from examining the antibacterial rate by the viable cell counting technique. E. coli were inoculated in 5 ml of LB liquid nutrient medium, and shaken for 12 h at 37 W C.
The actual number of cells used for a given experiment was determined by the standard serial dilution method. An amount of 0.03 g membranes were cut and sterilized by autoclaving for 20 min. To test the antibacterial activity, the membranes were added into the 5 ml solution inoculated by about 10 7 CFU (colony-forming units)/ml of E. coli, which were then incubated at room-temperature. After 24 h, the membranes were retrieved from cultures and washed by normal saline. The washing bath was collected and diluted by deionized water till the concentration decreased to 10 À3 of the original value. A volume of 0.2 ml of dilution solution was spread onto LB culture medium and all plates were incubated at 37 W C for 24 h.
The numbers of colonies on the plates were determined by the plate count method. 
RESULTS AND DISCUSSION
Antibacterial property
The antibacterial properties of PES hollow fiber UF membrane were investigated. The initial concentration of E. coli is 10 7 CFU/ml. The antibacterial effect for E. coli is shown in Figure 3 and Figure 4 . The results showed that the antibacterial rate of PES/CuCl 2 UF membranes was close to 100% after running for 48 h, while the antibacterial rate of PES UF membranes without Cu 2þ was only 30% Effect of CuCl 2 content on water flux and rejection
The effect of CuCl 2 content (0, 1, 2, 3, 4 and 5 wt. %) on water flux and rejection were investigated and the results are shown in Figure 5 . As CuCl 2 content increased, the water flux of PES UF membranes increased, which indicated that the hydrophilic properties of PES UF membranes were improved after adding CuCl 2 . In addition, with the increase of CuCl 2 content, the rejection of PES UF membranes of PVA-50000 was kept almost unchangeable and was still high above 96%.
Element analysis and microstructure
The content of copper element in the PES/CuCl 2 UF membranes was analyzed by EDS, and the result is listed in Table 1 . The results showed that the content of Cu 2þ in the membranes was decreased after running for 48 h in In addition, in the XPS spectra ( Figure 6(b) ) of the membrane, the emission peaks at 400 eV ascribed to the binding energy of N 1s coming form PVP and 933 eV ascribed to the binding energy of Cu 2p originating from CuCl 2 were found, respectively. The results showed that the complex reaction between PVP and CuCl 2 occurred successfully. From the SEM image of PES/CuCl 2 UF membrane (cross-section) (Figure 6(a) ), it can be seen that PES/CuCl 2 UF membranes were highly porous and asymmetric with sponge-like structures.
CONCLUSIONS
A novel three-bore PES hollow fiber UF membrane with antibacterial properties was spun by the wet and dry/wet phase inversion process in this study. These three-bore PES/CuCl 2 membranes were capable of causing antibacterial properties with a long duration. In addition, these membranes showed good water flux and rejection. The hydrophilic properties of PES UF membranes was improved after adding CuCl 2 and the rejection of PVA-50000 was still kept high above 96%.
According to these results, it is anticipated that these three-bore PES/CuCl 2 membranes might expand the usage of PES in water treatment and also could make some potential contributions to membrane antifouling.
